Screening for fragile X syndrome (FXS) is essential in children with developmental delay or intellectual disability (ID). In addition, using clinical screening checklists remains of high interest in resource-limited settings. We aimed to gain insight into the prevalence of FXS and the distribution of CGG alleles and to evaluate the usefulness of three checklists in specialized institutions in Kinshasa, DR Congo. We recruited 80 males and 25 females from six specialized institutions in Kinshasa and administered a questionnaire comprising items from the following FXS checklists: Hagerman, Maes, and Guruju. FMR1 CGG repeats were assessed for every patient. About 37% of patients were referable for FX testing based on Hagerman's checklist, 35% for Maes', and 43.80% for Guruju's, but none of them was molecularly confirmed to have FXS. Thus, specificities were 62.86, 64.76, and 56.5%, respectively, for Hagerman, Maes, and Guruju, respectively. The mean CGG allele size was 28.55 ± 2.83 (ranges, 17-48). The 29 CGG was the most frequent allele (24.61%). Thus, existing checklists should not be automatically applied to Congolese patients without adjustments. The distribution of CGG repeats and the number of CGG alleles are similar to other African studies.
Introduction
The fragile X syndrome (FXS) (OMIM 300624) is one of the most common monogenic causes of intellectual disability (ID). Its prevalence varies between 1/6000 and 1/4000 males in the general population (de Vries et al. 1999; Turner et al. 1996) . Because of this high incidence, screening for fragile X syndrome is considered essential in any child with developmental delay or intellectual disability (ID) (Moeschler and Shevell 2014) . A variable prevalence is observed in different geographical parts of the world, but prevalence also depends on the clinical characteristics of the tested group, gender, and sampling strategy (Crawford et al. 2001) . Only few studies have widely investigated FXS in Africa. In children attending schools for special education, Goldman reported a prevalence of 6.1% of FXS among black Africans in South Africa (Goldman et al. 1998) . Later, Crawford et al. reported a prevalence of 1/2545 among African-Americans in special education in the public school system of metropolitan Atlanta, USA (Crawford et al. 2002) . To date, the prevalence of FXS was not investigated in specialized schools in DR Congo even if few cases have recently been reported (Lubala et al. 2018) .
In at least 99% of FXS cases, the mutation is an expansion of the CGG repeats in the 5′-UTR in the promoter region of the FMR1 (fragile X mental retardation 1). Normal alleles range Electronic supplementary material The online version of this article (https://doi.org/10.1007/s12687-018-0374-4) contains supplementary material, which is available to authorized users. from~5 to~44 repeats, intermediate alleles from~45 to~54 repeats, premutation alleles from~55 to~200 repeats, and full mutations over 200-230 repeats (Maddalena et al. 2001; Monaghan et al. 2013) . Comparatives studies between African-Americans and Caucasian Americans reported a significant difference in the distribution of common alleles with shorter alleles (20-23 repeats) as well as larger alleles (41-60 repeats) being less frequent in African-Americans (Crawford et al. 2000; Eichler et al. 1995) . Although the 29 and 30 CGG repeats are the most prevalent alleles in Africans, AfricanAmericans, and Caucasians, the 29 repeats allele has a significantly higher frequency in black Africans whereas the 30 repeat allele is significantly more frequent in white Africans (Chiurazzi et al. 1996; Crawford et al. 2002; Essop and Krause 2013) .
The FXS is associated with various clinical presentations depending on the number of repeats, sex, and age (Oostra and Willemsen 2009) . Hence, concepts such as BFragile X Spectrum Disorder^(FXSD) or FMR1-related disorders have been proposed in order to include all FMR1-related phenotypes (Lozano et al. 2014) . The full mutation in young children manifests often with attention deficit hyperactivity disorder (ADHD) and/or autism spectrum disorders (ASD) (Gabis and Kesner 2007; Hagerman 2006; Sullivan et al. 2006) . In older children, adolescents, and adults, the classic presentation consists of intellectual disability with an IQ < 50, associated to more characteristic behavioral and dysmorphic features (D'Hulst and Kooy 2009; Hagerman et al. 1991; Lachiewicz et al. 2000; Lozano et al. 2014; Mirkin 2007; Tuncbilek et al. 1999) . Although none of the listed features is pathognomonic for FXS, their combination has been used as checklists to clinically screen for FXS (Butler et al. 1991; Lachiewicz et al. 2000; Laing et al. 1991) . These checklists are not intended to substitute molecular testing. Instead, they allow a fast and efficient selection of patients with a higher probability for having FXS (Behery 2008; de Vries et al. 1999; Hagerman et al. 1991) .
So far, no checklist has specifically been designed or adapted for the black African population. Indeed, craniofacial features in a population of African origin may show critical differences compared to those in Caucasian, as it was reported for the 22q11.2 deletion syndrome (McDonald-McGinn et al. 2005 ) and for FXS (Lubala et al. 2018; Schwartz et al. 1988) . Such clinical variability points to the necessity to design population-specific checklists or adapt existing tools to the population of interest. Examples of population-specific checklists for FXS have been proposed for the Indian and Turkish population (Guruju et al. 2009; Tuncbilek et al. 1999 ).
The present study aimed to gain insight into the prevalence of FXS and the distribution of CGG alleles and to evaluate the usefulness of three selected checklists as a screening tool for FXS in patients with ID followed in specialized clinics and schools in Kinshasa, DR Congo.
Material and methods

Patients
We recruited 127 index patients from two hospitals and four schools specialized for ID across Kinshasa in the Democratic Republic of Congo (DRC). Informed consent was obtained from parents or legal representatives. We identified clinically recognizable syndrome in 22 patients. This study concerns the 105 patients (80 males and 25 females) remained without clinical diagnostic. Ages ranged from 1.24 to 24.65 years (average 10 ± 4.7 years). More than 73% of patients were aged between 5 and 10 years. We performed a standardized clinical examination including measurements and evaluation of dysmorphism. Personal and family histories were obtained from the parents or legal representatives. A positive familial history of ID was defined as the presence of relative with ID up to the 3rd degree.
We designed a research questionnaire (Addendum 1) containing items from three existing FXS checklists. A short explanation was provided for each item. We used the checklist from Hagerman (Hagerman et al. 1991) , from Maes (Maes et al. 2000) , and from Guruju (Guruju et al. 2009 ). The checklist from Hagerman was selected because it is the most widely used, and also, because it was the basis for most others (Guruju et al. 2009; Tuncbilek et al. 1999 ). The Maes checklist presents the advantage of taking into account prediction power of each item. They attributed coefficients to the most predictive items, thus increasing the chance for a fragile X patient to rank at the top. We also included the checklist from Guruju because it added two additional morphological features.
One week before the interview, the research questionnaire was sent to the parents to make them familiar with the questions and allow them to prepare their answers. On the clinical examination day, A.L. personally scored the questionnaires. Parents or legal representatives were asked to respond with YES when they were certain that the item described in the questionnaire was currently present or had been present in the patient, NO when they were convinced that the item had never been observed or NOT SURE when they were uncertain. These responses were then translated into scores according to the scoring rules specific for each of the three checklists. Hagerman's checklist has three scales, and thus, YES was scored as 2, NOT SURE as 1, and NO as 0. Guruju and Maes were 2-scale tools where YES received the score 1 whereas NOT SURE and NO received the score 0. The threshold score is the minimal cumulative that was showed to be predictive for FXS in the original study. In this study, when a patient obtained, for a particular checklist, a cumulative score equal or above the threshold score for that checklist, he was counted as fragile X positive for that checklist. Threshold scores are ≥ 10 for Hagerman, ≥ 17 for Maes, and ≥ 5 Guruju. We wanted to use item frequencies to determine the most prevalent features in our patient cohort and the cumulative scores to assess the sensitivity and specificity of each checklist, depending on the results from molecular testing.
DNA extraction
Venous blood was sampled from peripheral vein, and genomic DNA was extracted by the salt saturation method as previously described (Miller et al. 1988) . Between 2010 and 2012, DNA extraction was performed in the Centre for Human Genetic at Leuven, Belgium. Then, from 2013 onwards, a DNA extraction facility was implemented at the Institut National de Recherche Biomédicale (INRB) in Kinshasa.
FMR1 CGG repeats testing
To assess the fragment length of the CGG repeats in the 5′ UTR region of the FMR1 gene, we amplified the target region during a PCR reaction using the PRC-enhancer kit (Invitrogen) and the FRAXA-A and FRAXA-B primers.
Primer sequences: FRAXA-A: GAC GGA GGC GCC GCT GCC AGG6FAM FRAXA-B: GTG GGC TGC GGG CGC TCG AGG The reaction mix contained 5.6 μl of water, 2 μl of the 10× PCRx Amplification buffer, 0.6 μl of 50 mM MgSO 4 , 1 μl of dNTPs (4 mM), 8 μl of PCRx Enhancer Solution, 1.5 μl of Primer mix (10 pm/μl), and 0.25 μl of Taq DNA Polymerase from Roche. The cycling comprised an initial denaturation at 95°C for 3 min followed by 27 amplification cycles including short denaturation at 95°C for 15 s, annealing at 64°C for 1 min and elongation at 75°C for 1 min. The reaction was terminated with a final elongation at 75°C for 7 min, and the cooling to 15°C/∞. PCR product was controlled on 2% agarose gel with 1-kb size marker. Then, 2 μl of the remaining PCR product was resuspended with an admixture of 20 μl HiDi Formamide (Applied Biosystems) and Rox 500 (Applied Biosystems). Fragments were separated on the on ABI 3730xl DNA Analyzer (Applied Biosystems, Foster City, CA, 94404, USA) then analyzed with GeneMapper® Software 5 (Life Technologies Ltd., Paisley, UK).
Results
FXS clinical checklists
Mean cumulative scores were 8.13 ± 3.07 (ranges 2-16), 14.30 ± 5.92 (ranges 2-27), and 4.24 ± 1.75 (ranges 1-10) for the Hagerman, Maes, and Guruju screening tools, respectively (Fig. 1) . Thirty-nine patients (37.14%) showed a total equal to or higher than the threshold score for Hagerman's tool versus 37 patients (35.24%) for Maes' and 46 patients (43.80%) for Guruju's.
In addition to the ID, behavioral features were more prevalent in all three tools compared to morphological signs. In particular, for the checklist from Hagerman and the one from Guruju, attention deficit and hyperactivity were the most prevalent items (62.86%) followed by gaze avoidance (46.67) (Fig. 2) . The most prevalent morphological trait, the large and prominent ears, was observed in 18.09% followed by simian crease (0.95%). Likewise, hyperactivity prevailed in Maes's checklist with hypersensitivity to change as the second common item (60.95%), contrasting to large and prominent ears observed in only 18.09%.
The average number of behavioral items per patient was 2.55 with Hagerman's and Guruju's tools and 7.79 items with Maes' tool. Conversely, the average number of physical features per patient was 00.29 for Hagerman, 0.57 for Guruju, and 0.62 for Maes.
CGG allele sizes
We analyzed a total of 130 chromosomes including 80 from the males and 50 from the 25 females. Twenty-one different alleles were observed. The mean allele size was 28.55 ± 2.83 (ranges, 17-48) (Fig. 3) . The most frequent allele size was 29 (24.61%), and 73.84% of alleles spanned between 28 and 31 repeats. There was a second and small peak at 21 repeats. No full mutation or premutation were detected. Two males carried an intermediate allele of 47 and 48 repeats. The 47 repeat allele was inherited from the normal mother who had highly skewed X-chromosome inactivation (92.75/7.25%). DNA from parents of the patient with 48 repeats was not available.
Sensitivity and specificity of the checklists
Given the absence of molecularly confirmed fragile X patients in our cohort, sensitivity could not be calculated for the three checklists. However, we calculated the specificity, using the referral thresholds and found 62.86, 64.76, and 56.5%, respectively, for Hagerman, Maes, and Guruju (Table 1 ). The checklist from Maes exhibited the highest specificity of the three.
Discussion
The fragile X syndrome is considered to be one of the most common causes of ID worldwide. However, no data exist on the incidence of FXS in Central Africa. This is the first study to evaluate this question in a systematic way in a high-risk population of individuals attending schools for special education or specialized clinics for persons with ID in DR Congo.
Among 105 individuals, 80 males and 25 females, not a single case of FXS was diagnosed by molecular testing. This may seem in contradiction with the observations made in South Africa where Goldman et al. reported a prevalence of Fig. 2 Distribution of items in the three checklists. Hyperactivity was invariably far more prevalent than morphological signs in the three checklists Fig. 1 Distribution of cumulative scores for the three checklists. More than one third of patients had cumulative scores above the threshold score of 10 for Hagerman, 17 for Maes, and 5 for Guruju 6.1% among black patients in specialized schools, and the results of Essop and Krause who identified FXS in 5.2% in black patients with ID tested in a period of 25 years in Johannesburg (Essop and Krause 2013; Goldman et al. 1998) . The absence of positive cases in our study in specialized institutions may be explained by certain limitations of this study. One of the limitations is the relatively small size of studied sample. The second important limitation would be the limited resources in this country. It should be remembered that DR Congo is a low-income country as classified by the World Bank, and the average size of a family is 5.3 according to the nationwide health inquiry conducted between 2003 and 2004 (https://www.dhsprogram.com/pubs/pdf/FR300/FR300. pdf, last accession was on 6 May 2018). Although reliable or consistent data on wages in DR Congo are not available, as in many other developing countries, it is commonly considered that people live with less than 1 US$ a day. In this context, the average 50 US$ a month per child that is charged by the specialized schools in Kinshasa may seem prohibitive for most of the families. Thus, not all parents can afford paying the specialized institutions, and the majority of families are forced to keep their children at home, especially when they have severe behavioral manifestations or disabilities. Consequently, only patients from families with high revenues as well as those with less severe impairments are encountered in these institutions. Finally, the education level of parents could also be a limitation since only educated people can understand the usefulness of specialized and expensive schools. The nationwide health inquiry of 2003-2004 also informed that only 5 and 10% of Congolese women and men, respectively, have completed at least the secondary school, suggesting a very low literacy level in the country. Although we did not specifically question parents on their education level, we can assume that majority of parents of patients recruited in this study was among the elite since they were all able to fluently communicate in French, the official language in the education and administration system in DR Congo. This may have resulted in an underrepresentation of FXS cases in this study. Although it may seem less likely, FXS patients in DR Congo may present differently and thus be mainly referred to different specialties such as psychiatry or speech therapy.
However, given the presence of intermediate alleles in our population (2/130 chromosomes), and the recent report of FXS patients from Lubumbashi, the second biggest city in DR Congo, we can anticipate that FXS is very likely to be present in Kinshasa. In order to increase the chance to identify FXS patients, future studies should include a larger cohort of individuals, consider different environments (schools and neighborhood survey), and work in collaboration with various (Fig. 3) . Crawford et al. reported a larger number of alleles in Caucasians (42 alleles) compared to African-Americans (37 alleles) (Crawford et al. 2000) . The number of distinct alleles in the Congolese is similar to those reported in other African groups (Fig. 4) : 17 for Senegalese Mandeka (Kunst et al. 1996) , 14 in Senegalese Wolof, 13 in Cameroonian Bamileke (Chiurazzi et al. 1996) , and 10 for Mbuti Pygmies from DR Congo . Alleles in our cohort ranged from 17 to 48 repeats (mean, 28.55 ± 2.83). Interestingly, about 74% were between 28 and 31 repeats and we detected only two alleles shorter than 20 repeats and two larger than 45 (Fig. 3) . This observation is consistent with the prior observation that shorter and larger alleles are rare in African-Americans and Africans (Crawford et al. 2000; Peprah et al. 2010) . The mean repeat size in this study (28.55) is similar to the literature reports (Maddalena et al. 2001; Peprah et al. 2010; Tuncbilek et al. 1999; Tzeng et al. 1999; Van Esch 2006; Yim et al. 2008) . Alleles in our cohort delineate two clusters. A major cluster around the mean, and a minor cluster at 21 repeats. A similar two-peak pattern has been previously reported in African as well as non-African populations (Chiurazzi et al. 1996; Crawford et al. 2000; Kunst et al. 1996; Peprah et al. 2010) .
After the results from molecular testing of FMR1 were available, we evaluated the assessment of the three selected checklists knowing that there was no true positive patient in our cohort. The clinical scoring tools indicate a higher frequency for behavioral characteristics compared to physical features. Attention deficit and hyperactivity were the most common items. This may be ascribed to the younger age of patients. It may also be that parents or tutors tend to overrate these features. Importantly, our study suggests that these behavioral characteristics are so common in non-FXS children with ID, and therefore, incorporating these behavioral features in FXS screening lists will result in low specificities, at least at the thresholds used in the original screening tools. However, the predictive power of each feature can only be determined in a population-specific case control study. Overall, we can anticipate that the three checklists have poor performances on Congolese population. An adaptation might be necessary to improve the performance in Congo.
Raw data and DNA are available on demand.
